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Abstract 

The aim of this paper is to argue that the "preferred basis problem" is not a real problem in 
measurement. We will show that, given an apparatus, among the infinite corrrelations that can be 
established in the final state by means of a change of basis, one and only one makes physical sense. 
It is the apparatus, through its interaction Hamiltonian, what selects a single basis and determines 
the observable to be measured, even without decoherence. 
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I. INTRODUCTION 



Let us consider the measurement of the observable A = ^ a il a i)( a i| °f a system S, by 
means of an apparatus M with a pointer observable Z — ^ Zi\zi)(zi\. Let us suppose that 
{|ai)} is a basis of the Hilbert space of S, and is a basis of the Hilbert space of M. 

Before the interaction between S and M, S is in the state \ip) = ^ Ci\ai), and M is prepared 
in a ready-to-measure state \zq). According to the von Neumann model of measurement [l], 
the interaction introduces a correlation between the eigenstates of A and the eigenstates of 



where U&t — e~ tHl7ltAt is the evolution operator corresponding to the interaction Hamiltonian 
H int . After the time At, the interaction ends and the correlation is established: since then 
it is assumed that, if the pointer Z acquires a value Zi, then the value of A measured in the 
process is a>i (see [sj]). 

Eq. (CQ) expresses the biorthonormal decomposition of the state of the composite 
system S + M, (see |4|): it establishes the correlation that defines the measurement. Nev- 
ertheless, such a decomposition is not always unique. In particular, if the coefficients q are 
all equal in absolute value, it is possible to introduce a change of basis {|a^)} — > {|a^)} and 
{\ z i)} ~^ {\ z i)} (see Appendix A) such that 



This result is what leads to the so-called "preferred basis problem" [5| : since the two different 
sets of outcomes, {z{\ and {£■}, are both admissible for same measurement, there is an 
intrinsic ambiguity about what observable is measured on the system S. In other words, 
if Z acquires a value Zi, A is measured according to the first expansion of but if Z 
acquires a value z[, then A' is measured according to the second expansion. Therefore, the 
observer could not know whether the measured observable is A 01 A\ even in the case that 
[A, A'] 0. From the viewpoint of the decoherence program, if the composite system S + M 
remains isolated, this problem cannot be solved. For this reason, a further interaction with 
the environment is necessary in order to determine the preferred —pointer— basis: it is such 
an interaction what, via decoherence, selects the observable to be measured. This argument 
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has been widely accepted in the literature (see, for instance |5j). 

The aim of this paper is conceptual: our purpose is to argue that the "preferred basis 
problem" is not a real problem in measurement. Instead of trying to solve the supposed 
difficulty by adding an interaction after the correlation given in eq. (j2j), we will analyze the 
process leading to that correlation. On this basis we will show that, given an apparatus, 
among the infinite correlations that can be established in the final state by means of a change 
of basis, one and only one makes physical sense. It is the apparatus, through its interaction 
Hamiltonian, what selects a single basis and determines the observable to be measured, even 
when the composite system S + M is a closed system. 



II. ONE SET OF OUTCOMES 



As we have pointed out, if the coefficients Cj that span the initial state of the system are 
all equal, the change of basis is possible: 

\f) = /] c i\ a i)\ z o) ~^ |V>) = U\<p) = y]a\ai)\zi) (3) 

i i 

= E«K> (4) 

i 

The equality between eqs. (j3J) and (j3]) leads to the preferred basis problem. However, this 
would really be a problem if there existed an apparatus where the two different sets {z;} 
and {z^} could both be the outcomes of the measurement, with no modification at all in 
the experimental arrangement [13]. Only in this situation the decompositions (j3J) and (j4|) 
would be both physically meaningful, and their equality would actually imply the ambiguity 
introduced by the problem. 

Let us suppose that such an apparatus exists and, as a consequence, eqs. (j3J) and (j4]) 
really imply different sets of outcomes of the same measuring apparatus. For simplicity, we 
consider an ideal measurement, where the sets of states and share the ready- 

to— state, W = ,4). Then, tan the caption of the n_nt Q in e, Q, 
when we prepare the system S in the state |oj), the pointer Z will acquire the value Z{ 
corresponding to its eigenvector |z;): 

K)ko) -> \a>i)\zi). (5) 
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Nevertheless, from the calibration in eq. (j4]), when we prepare S in the state \a'j), Z will 
acquire the value z\ corresponding to \z'^\ 

- K>k'>. (6) 

Now, since {|aj)} and { | ) } are two bases of the Hilbert space of the system S, we can 
introduce the change of basis |a£) = J2k a k\ a k)- Then, if we introduce this change of basis 
in eq. ([5]), and given the linearity of the evolution induced by the apparatus, we also obtain 

\ a 'i)\ z o) = I ^ctfcK) | \zo) -> ^2a k \a k }\z k } (7) 

\ k / k 

Let us compare eqs. (jSJ) and ©: eq. (jSJ) corresponds to the outcome z[ but, on the other 
hand, eq. (j7|) says that we will obtain one of the outcomes {zt}. Independently of any 
macroscopicity condition that allows a human being to distinguish between the set {zA and 



the set {z'j} [6], if these sets are different, they represent different physical outcomes |l4|. In 
other words, eqs. (jSJ) and ([7j) represent different physical processes with different physical 
results, one where the pointer Z acquires one of the values {zi}, and the other where Z 
acquires one of the values {z^}. However, both processes begin in the same state \a'j) of the 
system S: the only difference between them is that the state |aj) is decomposed in different 
bases. As a consequence, if there existed an apparatus where the two different sets {z^ 
and {z'j} could both be the outcomes of the same measurement, such an apparatus would 
distinguish between the two mathematical representations of the same initial state of S: the 
outcomes {z^ would indicate the representation of the state in the basis {|aj)}, and the 
outcomes {z^} would indicate the representation of the state in the basis This means 

that the apparatus would distinguish mathematical entities, and this is physically absurd. 
Therefore, this kind of apparatus does not exist: any physical apparatus can only supply a 
single set of outcomes. 

Summing up, independently of the mathematical equality between eqs. (JSJ) and (j7]), one 
and only one of these correlations makes physical sense. Although the change of basis 
is mathematically correct, the previous argument shows that, with no modification in the 
apparatus, either the outcomes {zi} or the outcomes {z-} can be obtained, but not both. 
Although the argument dissolves the supposed ambiguity about the preferred basis, it does 
not tell us yet which set is effectively obtained and, then, which the observable measured 
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on the system S is. As we will see, this question can be answered when measurement is 
considered as a process. 

III. WHAT SET OF THE OUTCOMES? 

The previous section proves that any measuring apparatus, if it is a quantum apparatus, 
can only activate a single set of outcomes, associated with a certain basis. In this section 
we will formulate an argument for specifying that basis. 

As we have seen, only one of the correlations or (HI) makes physical sense, although 
the equality between them holds. This equality only expresses a change of basis on the final 
state, once it has been obtained. But endowing the mathematical change of basis with a 
physical content amounts to ignoring the fact that a measurement is a quantum process and, 
as such, it is governed by the dynamical equation of the theory. In fact, the dynamics of 
the process is given by the evolution operator U through the corresponding Hamiltonian: 
by beginning with an initial state, it is U what produces the correlation when applied to 
that initial state. Therefore, the correlation with physical meaning is that resulting from the 
application of U to the initial state. And since the evolution operator U is unitary, given 
the initial state, the correlation corresponding to this U is unique, in spite of the possibility 
of performing a mathematical change of basis on the final state. 

In order to rephrase the argument in a formal way, let us consider the two following 
processes: 

\<Pa) = y^QK)|zo) — ► \^a) = U\<Pa) = y]cjK)|zi) ( 8 ) 

i i 

M = X>K>K> — \M = u'M = 5>'K>k'>, (9) 

i i 

According to the argument of the basis ambiguity, \iPa) = \ipA'), but represented in different 
bases, which correspond to different correlations. But since the correlation is established by 
the evolution operator, different correlations require different evolution operators U 7^ U' 
and, then, different interaction Hamiltonians H 7^ H' which, in turn, correspond to different 
apparatuses. This means that the arrows of eqs. (|SJ) and (jS)) represent different measurement 
processes: with the apparatus that induces the evolution given by U, we obtain an outcome 
belonging to the set {zi} and never an outcome of the set {z'j}, and analogously for the 
apparatus corresponding to U' . 
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By contrast with the argument of the basis ambiguity, which only focuses on the final 
state, our argument traces the process back in order to see what dynamical evolution leads 
to that final state. It is represented in the next figure: 



Measurement process before the cor elation 



\<Pa) 



M = u\<p A ) 



<PA') 



\M = u'M 




IVu) = \M = J2i c i\ a i)\zi) = Y,AH)\z[) 



With this strategy, it is easy to show that different sets of outcomes finally imply different 
measuring apparatuses. As we can see, if one of the outcomes is obtained, the preferred 
basis is the eigenbasis of A, and the correlation corresponding to \ipA) is introduced by U, 
that is, by the apparatus with Hamiltonian H: this apparatus measures the observable A of 
S. Analogously, if one of the outcomes z\ is obtained, the preferred basis is the eigenbasis of 
A', but now the correlation corresponding to \ipA') is introduced by U', that is, by a different 
apparatus with Hamiltonian H'\ this second apparatus is what measures the observable A' 



Summing up, the supposed basis ambiguity vanishes once one acknowledges that a quan- 
tum measurement is not fully specified by the correlation expressed in the final state of the 
system S + M, but is defined by the process that, starting from the initial state, introduces 
the correlation in that final state. And decoherence has played no role in this argument. 

IV. MEASUREMENT OF THE SPIN 
A. Stern-Gerlach measurement 

Let us consider a Stern-Gerlach device with a magnetic field in direction z, which corre- 
lates the projection S z of the spin of the particle with its momentum p z . The interaction 
Hamiltonian of this apparatus, after a At, is given by H int = —cz®S z [16], where c is 



of S. 
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a constant related to the magnetic momentum of the particle. The evolution operator is, 
then, U = e lcz ® Sz . Let us suppose that the initial state of the composite system before the 
interaction is \ip A ) = ^5 (|+) + I - )) bo), where \p ) is the momentum state with p z = 0. In 
this case, the supposed basis ambiguity is expressed as 

M = -j= (i+> + 1-)) M — |Vu> = u\<p A ) = ^I+>1p+> + ^l-)b-> (10) 

= ^l©>b©) + 4=l®>b®> (11) 

where 

10) = ^= (i+) + 1-)) , i®> = ^= (i+) - 1-)) , (12) 

are the eigenstates of S x , and |p ), \p®) are given by the combinations 

bo) = i (b + ) + b-» , bo) = i (b+> - b-)) (is) 

The evolution operator [/ = e iCZ(g,s,z applied to the initial state \<pa) produces the corre- 
lation given by eq. fllOp . and not that given by eq. (1111) . Then, the outcomes that may be 
obtained as a result of the measurement are p + or p_, and not p & or p®. In spite of the 
equality between the eqs. (fTOl) and (]lip . only the correlation fflQj) has physical meaning, 
because it is produced by U : there is no ambiguity about whether the apparatus measures 

or S x . In other words, although the equality is valid, eq. f TTTT) does not imply that S x 
has been measured. If we want to measure S x , we have to change the interaction intro- 
duced by the apparatus by rotating the magnetic field from direction z to direction x. But 
this amounts to change the apparatus itself, with its evolution operator: in this new case, 

Jjl — e icx(g>S x 

This example has an additional particular feature that allows us to discard p & and p® as 
possible outcomes of the measurement. Even under the ambiguity of the basis change, the 
states b ) and b®), resulting from the combinations of the states \p + ) and \p~), are not 
possible states of the apparatus that measures S x , as eq. ffTTj) might suggest. In fact, the 
values p + and p_, corresponding to the states \p + ) and \p~), are associated to wavepackets 
leading to "spot up" and "spot down" on the screen; they physically mean that S z was 
measured with the value 1/2 or —1/2, respectively. But, in this case, the values p Q and p®, 
corresponding to the states \p Q ) and cannot be associated to "spot right", "spot left", 
that is, to the result that the measurement of S x would produce: \p & ) and \p®) are linear 
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combinations of \p + ) and \p~), and none combination of wavepackets "up" and "down" can 
produce "right" and "left" as a result. 



B. Bit-by-bit measurement. 

Let us now consider a system of spin 1/2, for instance, a particle (the measured system 
S), measured by another system of spin 1/2, for instance, an atom with two levels (the 
measuring apparatus M). The basis of the Hilbert space of the particle is {|+), |— )}, and 
the basis of the Hilbert space of the atom is {| T}J_ !}}■ The interaction Hamiltonian 
after a At is H int = — 7r|— )(— | Cg) | <— )(«— | (see [gj]). The evolution operator is, then, 
U = e l7r ' ''~'®' + ~'' < ~L Let us suppose that the initial state of the composite system before 
the interaction is \<pa) = ^ (|+) + |— )) | T); where | |) is the initial state of the atom. In 
this case, the supposed basis ambiguity is expressed as 

Wa) = ^ (|+) + I-)) I T) — Wa) = U\tp A ) = ^=|+)| T) + ±=\-)\ I) (14) 

= ^10)1-) + ^!®)!-) (is) 

where 

|0> = ^(l+> + h», l®> = ^(l+>-|-» (16) 
are the eigenstates of S x of the particle, and 

l-> = ^(IT> + U», l<-> = ^(IT>-U»- (17) 

are the eigenstates of S x of the atom. By contrast with the Stern-Gerlach measurement, in 
this case the states | —>) and | <—), resulting from the combinations of the states | j) and | |), 
are possible states of the apparatus that measures S x in the correlation (Tl5l) . Nevertheless, 
as we have already pointed out, only one of the correlations makes physical sense, and only 
one set of outcomes is activated. In fact, the evolution operator U = e 171 "'^^'®'^ 4 "' applied 
to the initial state produces the correlation given by eq. (fl4"|) . and not that given by 
( fl5l) . Therefore, the outcomes that may be obtained as a result of the measurement are | f) 
and | |), and not | — >) and | <—): this fact guarantees that the observable S z of the particle 
is measured. 
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Again, if we want to measure S x , we have to change the apparatus: the new apparatus 
has to produce the correlation given by eq. (fT5l) . which can be achieved if it induce an 
evolution described by the operator U' = e^l®^®!®!^^!. 

V. CONCLUSIONS 

In his 1981 seminal work, Zurek speaks for the first time about the "ambiguity in the 
choice of the preferred apparatus basis" in measurement (see B, p. 1516). According 
to him, it is the decoherence resulting from the interaction between the apparatus and the 
environment what determines "in what mixture the wave function appears to have collapsed" 



ed to through the years (see [lOfl , 
I2I). Moreover, the "problem of 



9| , p. 1517). This argument has been repeatedly 
ll|), and reappears in Zurek's more recent works ([8] 
the preferred basis" has been considered (with the "definite outcomes problem") as one of 
the two central problems of quantum measurement. In his review paper on decoherence, 
Schlosshauer considers that, although in the literature the definite outcomes difficulty is 
typically referred to as 'the measurement problem', "the preferred- basis problem is at least 
equally important, since it does not make sense even to inquire about specific outcomes if 
the set of possible outcomes is not clearly defined" (see p. 1270). On the basis of this 
assumption, the solution to preferred basis problem supplied by the decoherence program is 
usually viewed as one of its main theoretical advantages. 

In this paper we have argued that this uncritically accepted problem is not a legitimate 
difficulty, but a pseudo-problem. The supposed basis ambiguity is the result of consid- 
ering only a formal property of state vectors, and of forgetting the physical process of 
measurement. In fact, when the measurement is correctly understood as a physical process 
obeying the dynamical law of quantum mechanics, the supposed ambiguity vanishes since 
the preferred basis is determined by the measuring apparatus. Although the argumentation 
leading to this conclusion was simple and straightforward, it deserves to be seriously taken 
into account: its conceptual relevance derives from the widespread acceptation of the basis 
ambiguity as a legitimate problem in measurement. 
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APPENDIX A: NON-UNIQUENESS OF THE BIORTHONORMAL DECOMPO- 
SITION 

Let us consider the final correlated state of the measurement: 

\iI>a) = y^Q[a»)|zj) (Al) 

i 

If we introduce the change of basis |aj) = J2j ^ji\ a 'j)i then \i/ja) reads 

l^) = I>I] M iiK>ki> 

= l a i) 5^ CiAfj^^) 

3 i 

i 

The last equality holds only when 

d 3 \z[) = Y,c l M ]l \z l ) (A2) 

i 

If we multiply eq. (JM]) by cf (z[\ = J2 m c U M lm( z m\, we obtain 

m i 
i 

|c;| 2 ^ = ^|Q| 2 M, 4 Mi, 

i 

This shows that decomposition is not unique if, Vz, |cj| = C = \c' { \. In this case, \zi) = 

E.Mt.i^}. 
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